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Single crystals of the greatly insoluble salts, lanthanide
oxalate decahydrates, have been successfully synthesized by
employing Weigel's method. Their identities have been proved
by various means: microanalysis, oxalate content determination,
IR spectra and decomposition analysis.
Using Ollendorff's crystallographic results, the theorectical
second moment of gadolinium oxalate decahydrate crystal is
calculated to be 4.764 x 105 G2 by using Van Vleck! s second
moment equation. The experimental result is 9.292 x 105 G2,
showing a discrepancy of 50%. Since the.validity of Van Vleck's
equation for powder form gadolinium oxalate decahydrate has been
confirmed by Chi and Nagashima, this shows that its crystal
form should have a different structure from the lanthanide
oxalate decahydrate crystals with Ln= La to Nd. If Chi's
proposed structure for the gadolinium oxalate decahydrate powder
is used, the second moment calculated agrees better with the
experimental results. This indicates that a re-examination on
the crystal structure is necessary. Moreover, the experimental
results proved that the crystal form, the grinded crystal form
and the powder form of gadolinium oxalate decahydrates should
have the same internal structures because their second moments
are roughly the same.
Study on Gd-Nd oxalate decahydrate by ESR spectroscopy shows
that the crystal form and the powder form have roughly the same
locations for the gadolinium ions. Furthermore, the second
moment is found to have a linear relation with the mole percent
of gadolinium ions present.
1Chapter One Theory
1.1 Lanthanides and lanthanide complexes
1.1.1 The physico-chemical properties of the lanthanides
The most striking feature of the lanthanides is the large
similarities in the properties of the elements1.2. They all behave
chemically to be group II-IA of the periodic'table like yttrium.
This arises from the fact that they differ only in the number of
4f electrons while the outer electronic configurations are either
5d16s2 or 5d06s2. These 4f electrons are closely bound inside the
outer closed shell and therefore play an insignificant part in
chemical bonding, making their chemical properties similar. On the
other hand, these 4f electrons with their high angular momentums are
responsible for the magnetic properties of the lanthanides and these
vary strikingly from atom to atom since the electronic interactions
on the atoms give many states which change in detail as the number
of 4f electrons changes. In addition, they give many low-lying
energy levels which may be investigated spectroscopically.
Table 1 is a summary of the physical properties3.4.5.6 of the
lanthanides. As have notified above, the outermost electrons are
either 5d16s2 or 5d06s2. These 5d or 6s electrons are somewhat labile,
and thus easily lost, making the tripositive lanthanide ions the
most prominent oxidation states. This-can also be reflected by the
low EI.P. The electronic configurations as well as the values of
L, S and J of the tripositive lanthanide ions are also shown in
table 1, which will be of great value in the later discussion.
Another well known phenomenon of the lanthanides is the
lanthanide contraction, the significant and steady decrease of atomic
Table 1 Some Physical Lai;a 01 me jjcuiuiatuuco
Atomic
No.








































3 0 2 2
4 0 2 3
3 0 2 4
6 0 2 3
7 0 2 6
7 12 7
9 0 2 8
10 0 2 9
11 0 2 10
12 0 2 11
13 0 2 12
14 0 2 13






















































































Only the valence electrons, that is, those outside the TXe] shell, are given.
1st to 3rd, derived from Born-Haber cvcles of oxides and ar-s.mrtos.
3and ionic radii with increasing atomic number. This is caused z by.
the imperfect. shielding of the kf electrons by one another,-making
the effective nuclear charge experienced by the kf electrons increase,
thus causing a decrease in the size of the kf subshell.
1.1.2 The lanthanide complexes
A large number of lanthanide complexes are known7. In most of
them, the coordination number is greater than six. The common
coordination numbers are seven, eight and nine. The tendency of
the tripositive lanthanide ions to complex with a variety of chelating
agents is quite large. The most common chelating atoms are nitrogen
and oxygen. Complexes formed with flourine, sulphur containing
ligands8'9,10,11 as well as organo compounds are also known, but
they are much rare. There is no complex known to have' -bonding
playing a significant part since the f orbitals are unavailable''.*
for formation of hybrid orbitals and the ionic size. of the
lanthanide ions are too large( 0.85- 1.06
Ligands containing nitrogen atoms as chelating means are.readily
hydrolyzed in water and their preparations and studies require
special techniques. These techniques are only well-handled by this
decade and so lots of studies on them mushroom in these yearsl2'13914.
By far, the most common and stable lanthanide complexes are still
those with the chelating oxygen atoms. These chelating agents
include the following7'15 t
.(a) carboxylic acids
e.g. monodentate cH3cooH (CH3)2cH000H
bidentate HOOC-COON

























citric acid glyoxalic acid






(e) inorganic species such as OH,
1.1.3 The lanthanide oxalates
One of the best well-known lanthanide complexes is lanthanide
oxalate. This is caused by the fact that all lanthanide oxalates
are insoluble in water, the solubility products being of the order
of 10-30. The precipitation of lanthanide oxalates in a lanthanide
sample by oxalic acid is quantitative and goes to completion
quickly. Thus it is the recommended gravimetric method of
determining the quantity of lanthanide ion present in a given
17i13
sample.'
However, the direct determination of the quantity of lanthanide
oxalate precipitated cannot give the exact answer of the quantity
of lanthanide ion originally present. These lanthanide oxalates
are hydrated, but the number of vater molecules present is not
19
always a constant and depends on the precipitating condition
As a result, these oxalates are ignited to the corresponding oxides,
and the exact amount of lanthanide ions present can be found. The
small solubility product in water implies that no crystalline oxal¬
ates can be obtained using water as solvent. So, it is worthwhile
to study their preparationsfas well as their internal structures
and the ESS spectroscopic characters.
1.2 Some basic theories on ESS spectroscopy
1.2.1 Introduction
A sample cannot be studied by electron spin resonance spectro¬
scopy unless it has a non-zero magnetic moment. This magnetic moment
can arise either from spin or spin coupling together with the orbital
20 21
motion. The simplest example is a single electron. 1 For this
case, the magnetic moment arises only from its spin angular momentum.
(1-1)
where g is the e-factor for a free electron and numerically equal
to 2.0023;
e is the charge of the electron;
m is the mass of the electron;
and is the magnitude of the spin angular momentum vector.
If auch a sample is placed in an external magnetic field, it




This parallel orientation is thus that of the lowest energy for a
magnetic moment in a magnetic field. There are only two possible
directions allowed according to quantum mechanical treatment. The
two possible 9s are 35°15' auid 1°5'» one corresponding to the
position of lower energy and the other the position of higher
energy. In other words, the single energy level is split into two
by this external magnetic field.
Further calculations show that
E and (1-3)
S can be+ or-)£, so that the energy of the electron in the mag-
netic field can be either +ig(Ha or -)£gj3H2. The energy difference
between these two states is then d s= g Hz.
If EM radiation of frequency O having an energy g Hz is
applied to this sample, it will absorb the energy and transition
between these two energy levels occur. This is the simplest case of
ESH spectroscopy.
(1-M
In the following derivation, the z direction is set to be the
direction of the external magnetic field.
Fig.1 The splitting of
the electron Zeeman
levels in a magnetic
field
21_ 22 25
1.2.2 Some basic structures of am ESR spectrometer''
The basic features of an ESR spectrometer are: (a) a source
of microwave- radiation, (b) a sample tube, (c) a means of trans¬
mitting the radiation energy to the sample cell, (d) a dc magnetic















Fig. 2 Block diagram of an ESR spectrometer
8The sample cell is. placed between the poles of the electro-
magnet which produce a wide ranges of,magnetic fields-chosen by
the user. Microwaves of constant frequency are then transmitted
to the sample When the resonance condition is satisfied, absorption
of energy occurs and ESR signals are obtained. Since this absorption
represents only a very small change in the overall microwave power
in the cavity, so the signal must be amplified. It is very difficult
to amplify the signal by dc means. On the other hand, it is experi-
mentally more convenient to amplify alternating currents and
voltages. The amplification by ac means can be done by 'adding a
small oscillating magnetic field to the large external magnetic
field. This process is called modulation of the magnetic field 22
Therefore, the ESR signals are usually phase-sensitve detected and
represented as the differential curve.
(a)
(b)














or point of inflection
of absorption curve
H
Fig.f How the modulation field leads to an ac output
and a derivative curve
There are two frequency bands which are commonly used. An X-
band spectrometer operates at about 3 cm wavelength with 0 95 GHz.
On the other hand, the frequency required for a Q-band spectrometer
is about 35 GHz. Since D is not a constant and can be varied, the
magnetic field at which absorption takes place is not a constant.
So, the position of the absorption lines are usually stated in terms
of g-values. Besides this, the widths and shapes of the absorption
lines can also tell us much information, maybe far more than the
values of g, especially about the environment of the spins.
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1-2-3-Bloch phenomenological equations and lineshapes
If all the paramagnetic centres are completely independent
and non-interacting, infinitively narrowed lines would be observed
in an ESR spectrum However, these centres do interact magnetically
and chemically with each other and with their environment, thus
giving a finite linewidth to the absorption lines.in the ESR
spectrum* In 1946, Bloch considered the interactions of the magnetic
nuclei in a magnetic field and contributed the famous Bloch
24!25'26 His discussion is aimed at
phenomenological equations.
NMR but is equally valid for ESR.
Bloch considered the bulk magnetic properties of the sample,
that is, the bulk magnetization M. M is defined as magnetic
moment per unit volume.
(1-5)
Let us consider-a static magnetic field Ho (in the z
direction) present together with another rotating magnetic field
H1' the magnetization M will then precess about the resultant
magnetic field, HTeB, which is equal to Ho+ H
In the absence of saturation effect,
(1-6)
If-the relaxation mechanisms are adaea to finis uquauivu, ua




where is the longitudinal or spin-lattice relaxation time,
and is the transverse or 6pin-spin relaxation time.
Changing the fixed laboratory coordinate system to a rotating
coordinate system, such that
(1-10)






M1 is the in-phase component referring to the rotating,
and M• is the out of phase component.
If the above derivatives are set to be zero, the steady state




Fig.5 Definition of the rotating coordinate system. The applied
field is polarized in the rotating coordinate system
Cx', yf, zf) but rotates at the angular frequency
relative to the laboratory system (x, y, z)
where and the rotating field is
If the M• and M 1 terms are transformed back into M and
x y x
M; the three components of H( Mx, M) can be expressed in
terms of M, H,, T,, T~, lO and.
In experimental practice, the applied rf field is linearly
polarized in the x-direction, and what we detect is the x-
component of magnetization M with
(1-17)
The evaluation of M is helped by introducing the complex
notation:
The complex magnetic susceptibility
The x-component of rf field
The x-component of magnetization
(1-18)
The result is




The real part of the complex susceptibility JC is responsible
for producing a change in frequency in the resonant cavity while
the imaginary part is responsible for producing energy absorption.
In other words, jC 1 corresponds to dispersion while( lO),
which describes the absorption lineshapes, corresponds to absorption
When the condition is far from saturation,i.e.
(1-22)
This expression can be converted to another form in terms of
magnetic field,
(1-23)
with and being the full halfwidth.
(1-20
The lineshapes of equation (1-23) and its first derivative,
equation (1-20 are shown in fig 6 They are called the Lorentzian
lineshape
There are two common ways of expressing linewidth; one being
the other being A H t the full width between the extrema of
the derivative curve They are related by A 11= 3 or
Lorentzian lineshape.
Besides Lorentzian lineshape, there is another approximate
lineshape useful in ESR study. This is the Gaussian lineshape The
absorption and the absorption derivative functions for the latter
may be written as below:
(1-25)
(1-26)
The relation between AH, and AH of Gaussian differs from that
of the Lorentzian and is related by the equation
The Gaussian lineshape is shown in fig. 7
From the figures, we can see that the Lorentzian is sharper
than the Gaussian near the centre but has considerably greater
amplitude in the wings. Lorentzian shapes are usually observed
when the concentration of the magnetic spins in the system is low.
Fig»6 A plot of the Lorentzian,
showing the definition of




Fig»7 A plot of the Gaussian,
showing the definition of





If the curve is a superposition of many components, its shape will
approach Gaussian. This type of spectra is usually known as
inhomogeneously broadened. Practically, lineshapes do not correspond
to either one of them but lie somewhere between.
1.2.4 Relaxation, homogeneous broadening and inhomogeneous broadening
A photon will induce an upward or a downward transition, with
a rate depending on the occupancy of either the lower or the upper
energy level. With the preceeding of absorption of energy, the
occupancies of the two states will, sooner or later, become equal,
and no further absorption occurs. Therefore, ESR experiments depend
on the existence of the mechanism for returning spins from the
higher energy level to the lower energy one. This mechanism or
process is commonly known as relaxation.
Spin-lattice relaxation is the process which involves thermal
equilibration of the spin system with the lattice or environment
of the spin system, and it depends on spin-orbital coupling to
connect the spin with the lattice-vibrational spectrum in the case
of solids. It is characterized by the time constant T1, which is
defined in Bloch equations.
Spin-spin relaxation is concerned with the local magnetic
field contribution exerted by a magnetic atom on the other. It is
characterized by the time constant T2. T2 can be defined as the
lifetime for the loss of phase coherence of a set of spins with an
applied electromagnetic field. In this process, a spin in the upper
energy level transfers its energy to its neighbour spin by mutual
exchange of spins, and there will be no exchange of energy between
the lattice and the spins.
As stated abovef the absorption lineshape depends on the
relaxation times T and Tm Sometimes, these resonant lines are
somewhat broadened. There are two types of broadening, one being
inhomogeneous broadening, the other being homogeneous broadening.
An inhomogeneous broadened resonant line is actually constitued
by the superposition of a large number of spin packets, each being
slightly shifted from each other. The resultant envelope usually
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Fig. 8 Absorption envelope and one of its component resonant lines
Mathematically, this envelope is given by the Voigt convolution
function. The common causes of inhomogeneous broadening are
(i) inhomogenity in the applied static magnetic field
(ii) unresolved hyperfine structure
(iii) crystal lattice irregularities
(iv) dipolar interaction between unlike spins
Homogeneous broadening occurs when the instantaneous magnetic
field is not the same at each dipole. The resultant envelope is
usually Lorentzlan. The common causes are
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(i) dipolar interaction between like spins
(ii) spin-lattice interaction
(iii) interaction with radiation field
(iv) chemical line broadening- electron spin exchange, electron
transfer and proton transfer.
For the last case, it can be treated by modified Bloch equation.
1.2.5 Van Vleck's theory on line broadening in solids25,28.29
This theory deals with the broadening of the absorption lines
of solids by dipolar interaction in the rf or microwave region. It
is applicable to both NMR and ESR. The sample used may be a single
crystal or.a fine powder. The broadening being considered is caused
essentially by the magnetostatic*interaction of the atomic dipoles,
and the non-adiabetic causes such as collisions are not considered.
On the other hand, the exchange interaction is included, and no
restriction is imposed on the size of the exchange coupling since
it commutes with the Zeeman term in matrix multiplication.
There are some assumptions used throughout the derivation:
i) moments responsible for the absorption are magnetic
ii) these moments must arise from either nuclear or electronic spins
iii) influence of crystal field is neglected
iv) the sample must be non-ferromagnetic
v) applied field must be sufficiently large to ensure that the
dipolar interaction is small compared to the Zeeman term. This
19
condition is easily satisfied at the Larmor frequency.
In Van.Vleck's derivation, the constant magnetic field is set
in the z direction and the oscillating rf or microwave field along
the x direction. The Hamiltonian matrix is made up of three terms,





= distance between the jth atom and the kth atomwhere r
z being the number of electrons not in completeand
shell and J. being the usual exchange integral.
There are two restrictions on the defined Hamiltonian A,:
i) all atoms must have the same g and S values,
ii) the atoms are effectively in the S state so that Ajk has the
isotropic form.
It is easily discovered that the first term of the dipolar
Hamiltonian has the same form as the exchange Hamiltonian. The
second term, on the other hand, is strongly dependent on the
orientation of the aagnetic spins relative to the crystallographic
axis. The exchange term is present in the electronic case only and
it falls off rapidly with distance, being effective for nearest
neighbours only.










where and are the directional cosines of rjk relative
to the x, y and z axes, respectively. This Hamiltonian produces a
main strong resonant line at the frequency g( H/h due to A M= +1
transitions. The inclusion of the bracketed part of equation (1-33)
introduces the transition typesdIM 0,2,3,4,.......... As a
result, weak subsidiary maxima at 1)= 0, 2g C-3 H /h, 3g( H/h occur.
Since these maxima are not of interest to us, the bracketed part is




where A ik= (1-35)
and B ilr= (1-36)
This Hamiltonian can be solved by computing the various mean powers
of the frequencies by commutator method.
The mean square frequency 2 av can be written as
1-37)
After carrying out the calculation, Van Vleck concluded that (i)
exchange has-no effect on the mean square frequency since the scalar
.commutes withproduct (ii) the line structure
is symmetrical about a centre located at the Larmor frequency.
In practice, we are interested in the second moment( the meat
square frequency deviation) which is defined as
(1-38)
where Bjk depends on the dipolar contribution alone.
For a simple cubic lattice, the expression, reduces to
(1-39)
with d being the spin lattice constant and being
the directional cosines of the applied field relative to the
principal cubic axes X,Y and Z.
If a powder sample is used, the directional consines are averaged
over a sphere, and equation (1-39) becomes
(1-+0)
Converting the frequency term to the magnetic field terij, which is
vhat we experimentally measured, we get
(1-41)








where n is the number of magnetic ions per unit volume
The mean fourth power of frequency is defined as
(1-3)
With a somewhat lengthy calculation and defining the fourth
moment as we get
(1-44)
It is found that the fourth moment is influenced by the exchange
interaction. Since the second moment does not depend on this exchange
term, it is possible only if the absorption line tapers off more
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sharperly than the Gaussian lineshape but peaks more sharper than
one would predict from the dipolar interaction alone. This pheno-
menon is known as "exchange narrowing".
For a simple cubic lattice with the following assumptions:
i) exchange is preponderant and purely dipolar contribution can be
neglected;
ii) Ajk is significant for neighbour atoms only, and it is a constant
in this case;
iii) the dipolar terms for atoms separated by a distance greater
than 2d is neglected;
we get
With the expression of the second moment and the fourth moment
at hand, Van Vleck found the ratio of the fourth to the second moment
by neglecting the contribution of the later part of equation (1-45)
(1-46)
where c=2.6 for the [100]direction and
c=1.1 for the [111] direction.
If the main line broadening mechanism is dipolar interaction
and the exchange narrowing effect is absent, a Gaussian shaped
resonant line is usually produced. The reason is that the spectrum
24
is a result of the simultaneous interactions of a great number of
spins with each other.
Van Vleck took this assumption and calculated the fourth to the
second moment ratio by neglecting all exchange terms. He. found that
for a simple cubic lattice with S=) and H field along [100] axis,
the ratio is 1.25. If the Gaussian assumption were valid, the ratio
should be 1.32. The departure of the resonant line from the Gaussian
shape caused by pure dipolar interaction is thus not great. As a
concluding remark, the dipolar interaction tends to broaden while
the exchange interaction tends to sharpen the absorption curve.
This narrowing is caused by the fact that the exchange interaction
tends to cause rapid motion in the spin system to average out the
broadening interactions such as dipolar term, and thus narrows the
line.
Fig 9 Comparison of resonance line shapes for two identical lattice,
except that one lattice has exchange and the other does not
29
1.2,6 Other important theories on ESR lineshape studies
Besides Van Vleck's theory, there are three other biblical




Bloembergen, Percell and Pound found that the thermal motions
of atoms in liquids and some solids cause the WMR lines to narrow.
This phenomenon is known as motional narrowing. They further showed
that the line breadth is approximately equal to where
is the frequency of perturbation and is the frequency of
motion. This motional narrowing phenomenon as well as the line-
breadth equation is valid only when
Anderson and Weiss' suggested a similar model the random
frequency modulation model. They assumed that the system absorbs
only a single frequency, which is being varied by magnetic inter¬
action and motion in a random ways. The degree of variation is
determined by, but the rate of motion is controlled by
They tried to compute the line shape, the second moment and the
fourth moment in terms of the two adjustable parameters and
where I.. is the spectral intensity of the absorption line for the





As Van Vleck predicted, the second moment is independent of
exchange while the fourth depends. By comparing these values with
those.of Van Vleck's, e and p are determined.
(1-50)
(1-51)
where n is the density of spins per c.c.
and J can be estimated by using Weiss molecular field equation
with = Curie temperature
and z = number of nearest neighbours.
The half width at half amplitude can then be found
(1-52)
Converting the frequency term to the magnetic field term, which




Both.Van Vleck and Anderson and Weiss had simplified the deri-
vation by neglecting some of the terms in the Hamiltonian.
Van Vleck excluded the calculation of the satellite lines. Anderson
and Weiss left out the part of the Hamiltonian p which is off-
p
diagonal in 5tQ- These two processes are equivalent and either one
is known as truncation. This process is justified only when
is small compared to. When, that is, when exchange
narrowing is significant, the off-diagonal elements cannot be
neglected. It is this reintroduction of the off-diagonal terms
through this exchange interaction that give rise to the so-called
ten-third effect: the overall second moment should be about ten-
third that of the truncated one. If is fixed, that is, the
frequency is varied to get different 2SR spectra, we will find that
the linewidths vary with frequency'. In brief, the ten-third
effect refers to the increase in magnetic resonance linewidth that
occurs in an exchange-narrowed material due to the inclusion of
non-secular terms when the Larmour frequency becomes of the order
of or less than the effective exchange frequency
The Kubo-Tomita theory is one of the most outstanding and
important formulation of theories in this field. It may be viewed
as a generalization of Van Vleck's theory, Bloembergen-Purcell-
Pound theory and Anderson-Weiss theory. It has a solid quantum
mechanical foundation. However, because some assumptions have been
used in the derivation,it is rather to be considered as a detailed
semi-phenomenological model of the resonance line. In the case of
the lanthanides, Kubo-Tomita treatment is complicated and cannot
be readily applied. However, it becomes simpler and good agreement
is obtained when free radicals are considered'
All the above four theories discussed appeared before 1955-
Following these, many papers discussing them have come out~
However, mo6t of them still utilize their quantum mechanical
foundations, but with the help of computer system and the more
advanced mathematical techniques, some of the unsolved quantum
mechanical problems can be accurately determined, and no longer
need to be simplified by approximations.
1.3 Some ESR spectroscopic characteristics of lanthanide ions
All lanthanide ions have unpaired electrons in the partly
filled +f subshell. This leads to the existence of permanent
magnetic dipoles. They are thus paramagnetic and ESR sensitive.
The Larrnor frequency V is defined as
(1-56)
where 0 is the gyromagnetic ratio
or
(1-57)
where g is the Lande factor.
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The Lande g factor 1 equals to one if paramagnetism arises
from pure orbital angular momentum contribution. For a free electron
spin, with its paramagnetism contributed by spin angular momentum,
g equals two (or more accurately, 2.0023)- If there is coupling
between the spin and the orbital angular momentum, the condition
will be more complicated. Unluckily this is the case in most
lanthanide ions.
Each electron in a free ion is characterised by an orbital
singular momentum quantum number X (e.g. X =3 for f electrons,X=2
for d electrons), and a spin quantum number s (s=)£). For each
electron there are (2 L+l) possible orbital states available,
each characterised by a magnetic quantum number ra• For each of
I
these states there are (2sl) spin states characterised similarly
by ra. Thus, the total number of allowed states is (2s +1)(2 L+1),
that is, 2(2+1). This is the maximum number of electrons which
cam be contained in the shell as a consequence of the Pauli exclusion
principle
It is necessary and convenient to specify the energy, angular
momentum and spin multiplicity of the free ion by a symbolic
representation the state (term symbol) of the free ion. For
example, the ground state of hydrogen, ls is a IS state.
In the Russell-Saunders scheme, the total spin singular momentum
(characterised by S) couples with the total orbital angular momentum
(characterised by L) to give rise to the total angular momentum
characterised by the inner quantum number J. This spin-orbital
coupling may be thought as a magnetic interaction between the
magnetic moments associated with the orbital and spin motions.
The J value is obtained by vectorial addition of L and S and takes
values between L-S and L+S. There are different possible combinations
of L and S, giving rise to various terms'1 or states. The states
of lowest energy (ground state) can be derived from Hund's rule,
which states that the ground state should have the largest value
of 3, the higher value of L if the value of S are the same, and the
minimum J value in the lower half of unfilled shell or maximum J
value in the upper half.
The (2J+1) states characterised by the minimum or maximum J
value make up the ground state of the free ion. They are degenerate
in the absence of magnetic field, but with its application they
split and the energy of each state is given by g JH M, where K_
is the magnetic quantum number and takes integal or half integral
values: J, (J-l), -J The Lande g factor is given by
(1-53)
Transitions may be induced between these levels under the




Free ion Spin-orbital Coupling Applied Magnetic Field
Fig 10 Free ion energy levels of the configuration showing the
splitting of the ground state multiplets in an applied















Fig.ll Energy level diagram to illustrate typical bahaviour of (a) a Kramers and (b) a
non-Kramers ion in a weak crystal field( the case of lanthanide ions). The splittings
are not drawn to scale
In practice, we are not concerned with free ions but ions in
crystal lattices, and crystal field effect must be considered In
some cases, such as the 3d transition series, this crystal field
effect is so prominent that we need to consider this before the
spin- orbital coupling effect. In the case of lanthanide ions, the
unpaired electrons in the shell are screened by closed shells
of 5s and 5p electrons. This screening effect reduces the crystal
field interaction and it can be considered after the spin-orbital
coupling effect, but before the effect of the external magnetic
field.
If the ion has ail odd number of unpaired electrons, the total
spin S must be half-integral, and so must be J since L is always
integral. (2J+1) is then an even number and the crystal field will
split the (2J+1) levels into degenerate pairs characterised by
M_= i,- 32,,- J. An important theorem due to Kramers
states that the degeneracy of these doublets cannot be raised by an
electric field, so any ion with an odd number of unpaired electrons
must always have a doublet as its lowest level. This is referred to
as a Kramers doublet. The degeneracy can be raised, however, by a
magnetic field and ESR may be observed.
A similar argument for an even number of electrons shows that
Mj may take values 0, -1, -2,- J. Kramers theorem no
longer applies and the degeneracy may be completely raised by a
crystal field of low symmetry. Therefore only singlet levels remain
and these may be separated by energies too large for ESH spectrum
to be observed.
The ground state of the free ion can be easily determined by
the Hund's rule, but with the presence of the crystal field and the
magnetic field, which M_ value is the lowest energy state cannot beJ
predicted.
The selection rule requires that the ESR resonance condition
must be Am= t l. if the MT=- Vz( in the case of the Kramers ion)o J
or M_= 0 and M_=- 1( in the case of non-Kramers ion) are not
J J
the two lowest lying states, this rule A Mij= -1 cannot be satisfied
and this means that the transition will not be allowed. This type
of transition( with AMT- 1) are, however, allowed in practiceu
as a result of 'mixing of states' by the crystal field.
The above discussions can be illustrated more clearly with
two lanthanide ions Ce+ and Tb as examples. Ce+ has one unpaired
A-f electron, with its electronic configuration 4f and its ground
2 5+
state 52 indicates that L=3» S=J£ and J=52. Ce is thus
a Kramers ion and it will be split into three doublets Mj=
-32, -52 for a crystal field having .axial symmetry. The remaining
degeneracy may be lifted by magnetic field only. Let us assume that
M= doublet lies lowest and this is an allowed transition. With
J
H field applied parallel to the crystal field axis under the usual
condition, resonance is observed with a g factor equal to g n =67
(by equationl-58)• With H field perpendicular to the crystal field
axis, gj_=l37« The g factor depends on the H field orientation
with respect to the crystal axis and this is called anisotropy.
3+
Tb has eight +f electrons. By using Hund's rule, its ground
state is 7Ft i.e. L=3 S= 3 and J=6. It is then a non-Kramers ion
and for a crystal field having axial symmetry, it will be split
into doublets= -6,-5 ....,-1 and a singlet =0. The
value of should then be 2gMj or 3Mj( as g =32). Experimentally
for Tb4 in ethyl sulphate, g =17.72, implying Mj =6. This means
that this is a transition from Mj =-6 to Mj =6, with A Mj =12,
which is forbidden in the selection rule.
There are orbital levels lying fairly close to the ground
states for all the lanthanide (III) ions except Gd• This is caused
by the failure of the crystal field to break down the spin-orbital
coupling. As a result of this, their spin-lattice relaxation
times are short and thus the resonance lines are so broad that
they cannot detected except at temperatures of 20K or below.
Alternatively speaking, their g factors sire so small that it is
difficult to obtain a sufficiently high field to observe the
resonance with microwaves.
Gd has a half-filled electronic configuration. Its ground
state is Tkis neans that it has no resultant orbital angular
momentumf i.e., L=0 while S=72. No spin-orbital coupling needs to
be taken into consideration. Its permanent magnetic moment depends
directly on the value of 3. It follows that even at room temperature
its spin-lattice relaxation time is long enough, so that its
resonance line is .much narrower than the other lanthanide ions
and the resonance is thus detectable. Experimentally, both the g
factor and the line width have been found to increase with frequency.
Evidence for exchange narrowing effect is found for the
hydrated lanthanide oxalates. Only one cerium salts shows absorption,
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and indeed much more than this, it gives a sharp resonance peak.
This salt is Ce2(C204)3.4H20. The value of tHpp is 170 G and the
g factor is 1.95. The line width of gadolinium oxalate is again
much narrower than the other gadolinium catalogues such as
gadolinium chloride hexahydrate. According to the theory of exchange
narrowing, this narrowing in line width is caused by the fact that
the unpaired 4f electron of the paramagnetic lanthanide ions couples
with the electrons in the other allied ions through the oxalate
ions. Besides peaking the resonance absorption sharply, this
interaction apparently also assists the crystalline field in quenching
the orbital angular momentum. In other words, it helps in breaking
down effectively the spin-orbital coupling 53 0
In most of the hydrated lanthanide salts, including lanthanide
oxalates, the paramagnetic atoms or ions are too widely separated
by intervening non-paramagnetic atoms or organic radicals for the
exchange interaction to be caused by a direct overlapping of the
atomic wave functions of the paramagnetic ions. Therefore, this
exchange coupling appears to result from small contributions of
wave functions of the neighbouring nonparamagnetic atoms or radicals
to the orbitals occupied by the unpaired electron. The latter would
then occupies a semimolecular type orbital rather than a pure atomic
orbital. It is significant that the lanthanide complexes with
organic salts as anion has exchange narrowing effect if and only
if it contains unsaturated groups. In the case of the lanthanide
oxalate, oxalate ion is unsaturated, having C=0 bond.
A possible explanation for the strong coupling of the electrons
in some lanthanide ions is an indirect coupling similar to that
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proposed by Zener54 for the interaction among the d shell electrons
in metals. Just like the unpaired d electron interacting with the
conducting electrons to form limiting conduction bands the 4f
electrons of some lanthanide ions may interact with the migrating
electrons in the organic radical in a similar way to form spread-
out orbitals. This will cause exchange-narrowing and thus decrease
in line width.
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Chapter Two Preparation of hydrated lanthanide oxalates- crystal
form and powder form
2.1 Introduction
Hydrated lanthanide oxalates remain one of the mysterious
complexes known, though the powerful X-ray techniques have removed
part of the veil covered on it. Its preparation is very simple:
just addition of oxalic acid to a solution of lanthanide ions.
Precipitate will immediately spread throughout and then it will
settle down as a crust at the bottom of the container. Though this
precipitate is in powder form, it is fine. After washing with
water, it is pure indeed. However, the information concerning the
water content and the thermal decomposition is rather uncertain
and contradictory. It is believed that the number of water molecules
.present will depend on the condition of preparation. Its most
probable value is around ten for La up to Ho, but very different
values are obtained for Er up to Lu19
It is simple to obtain powder- form lanthanide oxalates, but
it is difficult to obtain single crystals of hydrated lanthanide
oxalates due to their great insolubility'in water. Solubility
products of these oxalates in water cannot be determined easily
since the amount of lanthanide ions that will exist in soluble
form is too small to be detected. Ksp 's are estimated16 to beBP
around 10-30. Much work,'however, has been done on their solubilities
55-58
in HCI, H2SOk, HNO3, EDTA, etc. The reason is that they are
more soluble therein.
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2.2 Preparation of hydrated lanthanide oxalates: crystal form
2.2.1 Preparation methods
The first well known single crystal preparation method is
Wylie's procedure59. Very dilute solutions of oxalic acid and
lanthanum nitrate are added dropwise to water to incipient
crystallization. The more dilute the solution, the larger the crystal
results. 6o It is reported that single crystals suitable for X-ray
analysis have been obtained and its structure determined6l.
The other well known method is Weigel's method 62. It employs
3 N sulphuric acid as solvent, with lanthanide oxide and oxalic
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All lanthanide oxides and nitrates employed were brought
either from BDH Ltd. or ROC/RIC Ltd. They were assigned to be
99.9% purity by the companies. Oxalic acid and sulphuric acid
employed were of AR grade.
2.2.2b Wylie's methodWylie 's method
100 ml of one per cent (weight/volume) oxalic acid solution
and 100 ml one per cent lanthanide nitrate solution acidified
with nitric acid are added dropwise to 100 ml of water
maintained at 50°C. The rate of addition was manually controlled
to be around 1 ml/min. Then the product was filtered, washed
thoroughly with wat and then air-dried.
2.2.2c Weigel's method
5 g of oxalic acid was added to 50 ml 3 N sulphuric acid.
This solution was put into a water bath and warmed to make all
oxalic acid dissolve. Then the temperature of the water bath was
raised to around°
95 C. Spoonfuls of lanthanide oxide was then
added slowly, little by little, into the solution and stirred
well. The rate of addition was about O.!+ g/hr. When further
dissolution seemed to be difficult, the solution was assumed to
be saturated. It was kept at 90°C for further one or two hours.
Then the temperature of the water bath had to be lowered to room
temperature at a rate of -5°C per hour. It was done in two ways.
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The first one was that the vessel was left in a vacuum flask.
The initial rate of drop of temperature was about seven to eight
degrees per hour but it became smaller as the temperature dropped
below 60°C. The second way was that the rate of drop of temperature
was controlled manually using a STRUERS thermostat head. The
rate of temperature drop could be kept at 5°C /hr. Usually crystals
came out around 70°C. After reaching room temperature, the
solution was allowed to stand overnight. The crystals were then
filtered and washed thoroughly with water until the pH of the
filtrate reached seven. This pH check was done using BDH
universal indicator. Then they were washed twice with ethanol,
once with ether and then air-dried.
2.2.3 Result
The. Wylie's-method did not succeed to give crystals. When
about 50 ml of oxalic acid had been added to water, white powder
appeared. Lowering the concentration of the starting material to
0.5 per cent gave better result. There was presence of crystals,
but they were very tiny.
The Weigel's method succeeded to give large crystals of
hydrated lanthanide oxalates where Ln= La, Ce, Nd, Sm, Eu, Gd, Tb
and-Dy.-For hydrated lanthanum and cerium oxalates, they coalesced
to one another and a very vigorous washing was needed to decrease
the degree of coalescence. This was not the case for the other
oxalates.
Besides giving larger crystals, Weigel's method is easier and
simpler to perform than the Wylie's method. This method is then
employed throughout this study.
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2.3 Preparation of hydrated lanthanide oxalates: powder form
Hydrated lanthanide oxalate powder can be prepared by mixing
oxalic acid with any soluble lanthanide salt. In this study, the
salt used is lanthanide nitrate.
Experimental
Lanthanide oxide was dissolved in nitric acid and then heated
on a water bath to incipient precipitation of lanthanide nitrate.
The lanthanide nitrate so prepared was dissolved and diluted. A
solution of oxalic acid was added and immediate precipitation
resulted.The precipitate were then allowed to settle overnight and
filtered. It was washed several times with water until the pH of
the filtrate reached seven. This check was-done by using BDH
universal indicator. It was then washed twice with ethanol, one
with ether and left to be air-dried.
Fine powder form lanthanide oxalate were obtained for Ln= La,
Ce, Nd, Sm, Eu, Gd, Tb and Dy.
2.4 Analysis of the products
2.4.1 Introduction
In order to confirm the success of preparing the right powder
or single crystal, the products are analysed. This is done in
several different approaches. The carbon and hydrogen content can
be sent to undergo microanalysis. The amount of oxalate ions is
determined by potassium permanganate titration. The presence of
oxalate group can be further supported by taking an IR spectrum.
A strong, characteristic-absorption peak in the neighbourhood of
1700-cm -1 due to the C=0 bond stretch infers that oxalate group
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presents 0.7 in the sample. Of course, the water content needs to be
analysed. This is done by using a thermobalance, or as in this study,
the weight loss method by using Wendlandt data 66967.
•2.1+.2 Microanalysis of hydrogen and carbon content
The carbon and hydrogen content analysis was done by Australian
Microanalytical Service in Melbourne. Only single crystals were
analysed by this method. Since all hydrated lanthanide oxalate
crystals were prepared by the same procedure, only two of them had
undergo microanalysis.
Table 3 Result of carbon and hydrogen content analysis
Percentage content of C and H
Theorectical Experimental DiscrepancySample
C H C A C H
Gd2(C20k)3.10H20 9.50 2.66 9.64 2.63 -0.14 +0.03
2.75 9.78 2.53 +0.16 +0.22Nd2(C04)3 .10H,O 9.84
All four data show discrepancies within± 0.2%, while the
analysis result by AMS has an accuracy limit of± 0.3%. This gives
evidence that the crystals prepared has ten hydrate water..
2.4.3 Oxalate content determination
All samples, both powder form and crystal form, had to
undergo this oxalate content determination. The lanthanide oxalate
to be determined was dissolved in 3 N sulphuric acid and heated to
80°C. It was titrated against standard potassium permanganate
solution(standaraized by sodium oxalate)68.
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Table 4 Results of oxalate content determination





















The result is shown in table f. All data agree very well with
the theorectical value except hydrated lanthanum oxalates crystal.
If its formula is assumed to be LaCCOJ.xHO, x is found to be
round seven.
2.4-.f IR spectra
The IR spectra of the hydrated lanthanide oxalates, both
crystal form and powder form, had been taken using a Perkin-Elmer
IR Spectrophotometer Model 283- The sample wa6 grinded with paraffin
oil and the cell used was made of sodium chloride. Absorption peaks
of moderate intensity at —1630 cm are noticed. Fig.12 shows a
sketch of the IR spectrum of gadolinium oxalate decahydrate.
C=0 stretch
3600 2i)00 1600 1200 800
wavenumber
Fig.12 A sketch of the IR spectrum of gadolinium oxalate decahydrate


























































2..5 Analysis of water content
2.f.5a Method used
In order to analyse water content, the effect of temperature
on hydrated lanthanide oxalates must be known first. This has been
done by W. W. Wendlandt 70 since no single crystal was
available at his time, only data on powder form are available.
Table 5 is a summary of his result.
The water content was determined by heating the sample in a
Lindberg Hevi-Duty furnace up to the temperature at which the
anhydrous oxalate form. Then it was left in the furnace for
another half an hour, cooled in a desiccator and weighed. The
container used must be made of platinum for silica will react with
the sample under such a high temperature. The loss in weight was
contributed to complete dehydration of water molecules, so water
content could be determined.
Table 6 shows the result of this analysis.
2.f.5b Result on decomposition of anhydrous oxalates to oxides
After having determined the water content, the remaining
anhydrous oxalate was further heated until it decomposed completely
into oxide. The actual temperature which the sample needed had to
be found from the table 5- The ratio of the weight of oxide to the
weight of sample has been found and is shown in table 7
The result on water content analysis is rather poor. This can
be explained by notifying table 6. The transition of hydrated form
to anhydrous form and then to oxide form is a continuous process,
so the correct temperature to be used is difficult to determine and
Table 6 Results of water content analysis of the sample























































control, especially for the crystal form. This means that the
proposed anhydrous form may still have some hydrate water, or it
may have already decomposed to oxide. As a result, the data of
water content analysis is not reliable.
On the other hand, the complete decomposition of oxalates to
oxides can be achieved easily. The result is therefore more reliable.
All data showed very good agreement with theorectical value.
As in oxalate content analysis, crystal form of lanthanum
oxalates give very poor result in water content analysis and the
ratio analysis. If it is assumed that the poor result i3 not due
to experimental error, the number of water molecules present is
again found to be around 7. This is a very surprising result.


























































The author suceeds to prepare single crystals by employing the
Weigel's method. This method is found to give large crystals and
is a better method than Wylie's method. The identity of the prepared
sample is proved by various method.
The result on analysing the hydrated lanthanum oxalate crystal
shows that it is a heptahydrate. This is contradictory to most
previous results.This may be caused by the different crystallization
19
conditions used, as supported by Karsh. He discovered that the
amount of hydrate water in hydrated lanthanide oxalate depends
on the temperature of precipitation. Another possible explanation
is that the crystal obtained is a mixed salt, thus leading to a
higher result in analysis.
49
Chanter Three Structural studies on pure hydrated lanthanide
oxalates by ESR spectroscopy
3.1 Introduction
It is well known that X-ray crystallographic analysis can
determine the exact internal structure of a sample. This is true
only if single crystals are available. If the sample is greatly
insoluble, no single crystal can be obt: i.ned. Then, only the space
group and the lattice dimensions can be determined 71. For the
hydrated lanthanide oxalates, no single crystal have been obtained
before 1968, so only their lattice dimensions and space groups
have been found,
The crystallographic result shows that the lanthanide oxalate
decahydrate Ln2(C204)3.10H20 with Ln = La to Tb crystallizes
isomorphously72, belonging to the space group P21/c and theca are
two molecules in each unit cell,
On the other hand, the second moment of a sample depends on
the summation term r -6, where r is the distance between two ESR-
active species. So their position can be located by trial and error
utilizing this relation. Therefore, ESR spectroscopy is also a
tool for structural study, besides X-ray crystall ogr'phy.
3.2 Method of locatinc gadolinium ions bT Van vleck's second
moment equation
For the hydrated lanthanide oxalates, only Gd 2 (C204)3.10H 2 0 is
SoES8-active at room temperature. So most ESR studies are done on
them.
The Van Vleck's second moment equatioi
n -hi
can be further simplified by substituting in the numerical values
of the gadolinium ion. g is taken to be 2.0023 and S equals to
p 1
7£- P is the Bohr magneton and takes the value 9-2732 x 10 ergguass
Then
(3-1)
where the units ofH and r are gauss and 2 respectively.
If the crystallographic data are available, the second moment
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can be calculated. In 1968, H- Chi and K. Nagashima studied the
coprecipitated phases in calcium-gadolinium oxalate system by X-
ray diffraction method as well as ESR spectroscopy. His result
showed that the theorectical value agreed very well with the experi¬
mentally value and the validity of Van Vleckfs equation for the
powder form gadolinium oxalate decahydrate is confirmed.
If no crystallographic data are available, but the second
moment can be found, the usual procedure employing Van Vleck's
equation can be reversed. In order to use the equation, at least
a fixed model in which the distances between the nearest neighbouring
paramagnetic ions have been precisely known has to be available,
i.e., a model must be proposed for the location of gadolinium ions
and then its second moment calculated by Van Vleck's equation. By
trial and error, when the calculated second moment agree with the
experimental value, the model is assumed to be the true model. This
method thus enable one to obtain detailed information for the
7f 75
distribution of ESR-active ions in a sample 1, even when direct
crystallographic data are lacking. Further, the X-ray powder
diffraction patterns of all the lanthanide oxalate decahydrates
are similar, it may then be presumed that they are similarly
located to gadolinium ions in their respective oxalates. As a
result, this provides a method to determine the exact positions
of other allied lanthanide ions in lanthanide oxalate decahydrates,
33 Internal structures of hydrated lanthanide oxalates
3.31 Internal structure of crystal form as determined by Weigel,
Ollendorff and Hansson
63 76
In 1968 and 199» Ollendorff and Weigel and Hansson' both
suceeded in the determination of the internal structure of lanthanide
oxalate decahydrate. They all belong to the space group P2c and
their unit cell dimensions are shown in table 8. For the space
group P2c, there are four general positions: (x,y,z); (x,y,z);
(x, +y, }£-z) and (x, -y, +z). This means that if there are four
atoms in one unit cell, only one of them has to be specified. The
other three positions will be generated by symmetry.
For La, Ce, Pr and Nd, their actual positions in the unit cell
(the atomic coordinates) are completely determined. The result is
shown in table 9
The crystal structure is found to be composed of infinite
lanthanide oxalate networks in layers perpendicular to b. The distance
between two such layers is equal to )b. They are held together by
hydrogen bonding via water molecules which is situated between the
layers. One third of the water molecules are not located in such
a way and they are assumed to be occluded into the fairly large free

























































space in the structure. Each oxalate ion is coordinated to two
lanthanide ions, forming two chelates. For the lanthanide ion, its
coordination number is nine. It is coordinated by nine oxygen atoms,
six contributed by oxalate ions and three by the water molecules.
The coordination polyhedron is a distorted prism, with the six
corners occupied by three oxalate oxygen and three Water oxygen
atoms. The remaining three oxalate oxygen atoms are located
outside the mid-point of the rectangular face• These facts are
shown diagrammatically in fig.l3» 1+ and 15
3+
Table 9 Atomic coordinates of Ln, C and 0 atoms in LniCO)
with Ln= La, Ce, Pr, Nd





































































































































































































































Fig 13 A part of the neodymimn oxalate layers projected along the
y-axis. The water oxygen atoms above and below the layer are
inpluded. Possible hydrogen bonding between water and carboxylic
oxygen atoms are marked with dashes
Fig lf Part of two adjacent neodymium oxalate chains projected onto
(001) along c gin. The possible hydrogen bonds between
carboxylic oxygen and water are marked with dashes
Fig 13 The coordination around the neodymium atom with the trigonal
prism outlined.
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3.3.2 Internal structure of powder form as proposed by H. Chi
In 1970, H. Chi tried to locate the gadolinium ions in
gadolinium oxalate decahydrate by the ESR method. He considered
the following three aspects:
(i) every tripositive ion should settle in an electrostatic
balancing position;
(ii) the closest arrangement of the heaviest gadolinium ions in
the sample should reflect the most intense X-ray diffraction;
Xiii) the hydrogen bonding between the oxalate ions and the water
molecules would as usual have a habit of forming the framework
of a monoclinic cell 79,80.
Then he proposed the following model: two gadolinium ions lie on
the diagonal of the parallelogram in the a-c plane. Since the 020
plane-gave the strongest diffraction line, the planes at b=O and
b=1/2 should be the most densely populated. This meant that each
ion rides on the head of each other. There will then be a total
of four gadolinium ions in each unit cell with the coordinates
(1/4,0,1/4); (3/4,0,3/4); (1/4,1/2,1/4) and (3/4,1/2,3/4).
He chose 46 nearest neighbouring ion pairs of gadolinium and
calculated the value of oH2) to be 8.630 x 105 G2. The experimental
value was 8.626 x 105 G2. He then concluded that this was the true
model.
b axis perpendicular to this a-c plane and goes into the paper.
b= 9.656
o
Distance between two sucn planes is bQ2.
Fig. 16 Location of the gadolinium ions proposed by H. Chi
3.1 Theorectical second moment of gadolinium oxalate decahydrate
by using Van Vleck's second moment equation
Though the locations 6f La, Ce, Pr and Nd ions in their hydrated
oxalates have been published, and Weigel said in his paper that the
data of Sm to Dy were going to follow, they have not appeared.
Therefore, the author hopes to calculate the Van Vleck's second
moment by utilizing their data to see if they agree with experimental
result•
A glance at table 10 shows that the variation in x,y,z values
of La, Ce, Pr and Nd is not significant. The same trend should




The equivalent positions are (0.310,0.455,0.669); (0.690,0.545,
0.331); (0.690,0.955,0.831)and(0.310,0.045,0.169).
Table 10 Coordinates of Ln3+ for Ln2Ox5.10H20





1.15 1.11 1.09 1.08 1.02
radii
In calculating the second moment, the following figure,
fig. 17, is of a great help in the calculations. This Weigel's
structure, is different from that proposed structure of Chi's.
The gadolinium ions do not ride on head of each other, but
alternatingly fall on two different lines which cross each other.
They also do not lie on the diagonals of the a-c plane.
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F g. 17 Location of the gadolinium ions according to Weigel's result
The two points in the same unit cell have roughly the
same height (Ay=0.09), and so do the two o points. The point
and the o point, however, do have a large difference in height
(Ay=0.fl). So, roughly the locations of gadolinium ions can
be classified into two types as represented by• points and o
points. The• points fall on a straight line which nearly
coincides with the longer diagonal of the x-z parallelogram while
the line joining the o points does not show such coincidence.
The point is chosen to serve as the reference ion for
evaluating£ rjk ca-culaton Quite complicated, and
it is shown in table 11. Using simple trigonometry, the following
two equations required for calculating rj,s are derived.
b
a
Substituting in the numerical values of Gd s, we get
If AB is situated in the following way, the angle is supplementary






Then a total of 211 nearest neighbouring ion pairs of gadolinium
are chosen to evaluate the value of Those with
are excluded. This gives and
Table 11
Calculation of r.. 8.
In fig. 17, reference atom at y= 0.455 plane
with x= 0.310 and z= O.669
























































































fe If use equation (3-2). If r,+, use equation (3-3).
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C3) Consider neighbours at the y=2.455 and y=-1.545 plane (i.e.e y=2)
r
0 0 0.03922 19.2620




(4) Consider neighbours at the y-0.955 and y=-0.045 plane
0.38 0.162 6.15282 36.8632
0,62 0.162 2 9.0494 3.6417
0,62 0.838 2.38722 9.7093
0,838 2 11.8923 0.70700, 38
1.38 0.838 2 20,7951 0.0247
1,38 0.162 2 15.4167 0.1490
1.38 1.162 2 15.7101 0.1330
04.38 1.162 2 11.7552 0.7580
0.62 1.162 2 0.097916.5352
1.62E 1.838 0.02782 20.3973
0.62 1.838 2 17.6224 0.0668
0,38 1.838 2 21.1872 0.0221
1.38 2.162 2 21.4439 0.0206
0,38 2.162 2 21,0336 0.0231
1.62 0.162 2 0.039619.2296
1.6 0.838 0.08122 17.0577
TOTAL=45.0429





















































(6) Consider neighbours on the y=0.045 and y=1.045 plane




























































(7) Conaidtr neighbours on the y=2.04$ and y=-0. 955 Plane




























(8) Consider neighbours on the y=0.545« y=-0.455 and y=1.545 plan.
Ay=0.09 for the y=0.545 plane; Ay=0.91 for the y=-0.455 plane;


































































































































(9) Consider neighbours at the y=2.545 and y=-1.455 plan


































3.5 Experimental results on second moments of gadolinium oxalate
decahydrates: crystal form, grinded crystal form and povdei
form
The ESR spectra of the three different forms of gadolinium
oxalate decahydrates were taken. Crystal form and powder form
were prepared by the usual method. Grinded crystal form was obtained
by grinding the crystal form into fine powder form. The sample
tube used was made of glass since the signal intensity of Gd is
high. The measurement for ESR was made in the range 0 to 10000
gauss, swept increasingly and decreasingly with a JES-FE-3x ESR
spectrometer, manufactured by Japan Electron Optics Laboratory and
operated at room temperature. The spectra obtained are shown in
fig. 18-22.
The g value is calculated by the following equation
where is the frequency in Hz and H is the absorption magnetic
field in guass.
The experimental value for the equivalent magnetic field
second moment is computed by the following equation
where n and f are corresponding coordinates of the points referring
to the differential curve. This equation is applicable because the
active ESR active species is distributed homogeneously in an inert
medium.




is different for the LHS and the RHS of the curve and
the average has to be taken. Table 12-17 show the experimental
data obtained, and a summary of results is found in table 18.
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Tabla 12 Data obtained from the ESR corva of gadolinlaa oxalat
dacahydrate crystal form( sweep mode: inc.)
















































































































































































































































16 4096 78.0 14012.8995 1901664.9749
17 4913 66.0 15134.8995 2225922.9749
16 5832 56.0 lbl42.6995 2552514.9749
19 6859 46.7 17030.1993 2872830.2249
20 8000 38.0 17790.1993 3176830.2249
21 9261 30.5 18430.6993 3459290.7249
22 10648 24.3 18965.2992 3718037.0999
23 12167 19.3 19409.1991 3952860.2249
24 13824 15.0 19769.1991 4160220.2249
25 15625 11.7 20061.6988 4343032.6624
26 17576 9.3 20303.4988 4506489.4124
27 19683 7.0 20492.4988 4644270.4124
28 21952 5.5 20646.4968 4765006.4124
29 24389 4.0 20762.4988 4862562.4124
30 27000 3.0 20852.4988 4943562.4124
31 29791 2.3 20923.7988 5012081.6624
32 32768 1.7 20978.1968 5067787.2561
33 35937 1.3 21021.0988 5114505.3616
34 39304 1.0 21055,0988 5153809.3616
35 42875 0.7 21079.5988 5163821.6577
36 46656 0.5 21097.5988 5207149.8577
37 50653 0.3 21108.6968. 5222345.7561
=247.40
Tabla 13 Data obtained froa the ESR curve of gadolinium oxalate
decahydrate crystal form (Sweep mode: dee)
























































































































































































































































































































































Table 14 Data obtained from the ESR curve of gadolinium oxalate
decahjdrate: grinded crystal form (sweep mode:inc)






















































































































































































































































































































































































Table 15 Data obtained from the JiSR curve of gadolinium oxalate
decahydrate: grinded crystal form (sweep mode; dec)






























































































































































































































































































































































Tabla 16 Data obtained from the ESR curve of powder-form
gadolinium oxalate decahydrata (sweep mode: inc)












































































































































































































































































































































































Table 17 Data obtained from the ESR curve of gadolinium oxalate
decahydrate powder (sweep mode; dec)















































































































































































































































17 4913 51.5 11764.0999 1681871.2891
18 5832 45.0 12574.0999 1944311.2891
19 6859 39.0 13315.0999 2211812.2891
20 8000 33.5 13985.0999 2479812.2891
21 9261 28.0 14573.0999 2739120.2891
22 10648 24.0 15101.0999 2994672.2891
23 12167 20.3 15567.9998 3241662.4141
24 13824 16.7 15968.7998 3472523.1641
25 15625 14.3 16326.2996 3695960.6641
26 17576 12.0 16638.2996 3906872.6641
27 19683 10.0 16908.2996 4103702.6641
28 21952 8.3 17140.6996 4285904.2266
29 24389 7.0 17343.6996 4456627.2266
30 27000 5.7 17514.6995 4610527.1641
31 29791 5.0 17669.6995 4759482.1641
32 32768 4.3 17807.2995 49C.0384.5391
33 35937 3.7 17929.3905 5033351.4141
34 39304 3.3 18041.5995 5163054.6016
35 42875 3.0 18146.5995 5291679.6016
36 46656 2.5 18236.5995 5408319.6016
37 50653 2.0 18310.5995 5509625.6016
38 54872 1.7 18375.1995 5602907-9766
39 59319 1.5 18433.6995 5691886.4766
40 64ooo 1.3 18485.6995 5775086.4766
41 68921 1.0 18526.6995 5844007.4766
42 74088 0.7 18556.09,5 5895869.0742
43 79507 0.5 18577.5995 5935622.5742
44 85184 0.3 18590.7995 5961177.7734
= 320.47
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Table 18 A summary table of results

















H. Chi has done a lot of-experiments on powder-form gadolinium
oxalate decahydrates and he found the second moment around 8.630x105 G2.
On comparison with his result, the recent second moment of gadolinium
oxalate decahydrate powder, which is 9.261x105G2, is about 7% higher,,
This discrepancy can be.dily explained by two factors, namely,
the different instrumentation employed and the different ways of
choosing points for calculating the second moment.
H. Chi employed the model JEOL JES-3FS-X, of which the differential
curve flattened out at a large distance frog zero gauss and it must
be extrapolated down to zero gauss by approximations. This flatten-
ing cannot be avoided, no matter how perfect is the spectrometer.
The magnetic field in the spectrometer is controlled by the
electromagnet excitation currents, and, the sweep range in this
study is so large, from 1000OG down to 0 G. It is difficult to
change from such a large current to such a low current, and even
far more difficult to reach zero gauss. When the recorder reads
around 0-500 G. the actual magnetic field is mush higher than the
reading, causing the flattening. For the model JEOL JES-FE-3X
used in this study, it has a better electromagnet,model JM-FE3.
It gives a far more smooth curve and flattening occurs below 100 G.
This enables the extrapolation down to zero gauss more easily done
and more accurate.
Moreover, H. Chi choose H to be 220.5G, and the value of n
runs from 1 to about 14. This means that 14 points are chosen
from each side of the differential curve for calculation. In this
study, SH is chcsen to be 100G and the value of n is chosen to be
1 to 32. This means that the number of points-chosen is doubled.
Fore points chosen means more refined result, and the discrepancy
is expected
As a check on the ESR instrument, please refer to the study
on Gd-Nd system in chapter four (table 2f)» All data are higher
than Chis data. However, x%( A H 100%, is nearly the
same for the two different sets of data, i.e. all data are higher
by 7%- This confirms the discrepancy can be accounted by a constant
factor. As a further check gives same result, this i6 most probably
not caused by experimental error.
Utilizing Ollendorff and Weigels data and assuming the Van
Vleck's second moment equation is valid for gadolinium oxalate
decahydrate, the second moment is calculated to be t.764 x 10 G.
This is only 50% of the experimental result.
This method of locating gadolinium ions have two remarkable
features. Firstly, the second moment depends largely on the r-
value. If 1% error was made in estimating the smallest r-value,
the error could be over 5%- If the arrangement of ions is
different from the proposed structure, then a large discrepancy
will occur. So, the success of this method depends on the accuracy
of the r-values owing to this extreme sensitiveness of£ r•
Another character is that the smallest r-value has a decisive
influence on E r. From table 11, if the shortest distance,
6.1528 X has an error of 1%, the resultant error caused will be
much larger than that caused by, say, a distance of 9-6300
Now, the theorectical value shows such a large discrepancy.
There may be several causes. The first one may be the extrapolating
of x, y, and z values differ greatly from the actual value. Referring
back to table 10, the chosen values are x=0.310, y=0.if55 and z=0.669
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If x has an error of 1%, its actual value should be either 0.313
or 0.307. This differs greatly from the actual value of La, Cal
Pr and Nd. This is quite impossible, so for y and z value. Even
if the value of x, y and z value each have an error of 1%, the
overall error in r is 4%. The discrepancy should then be about
20%, and therefore cannot fully account for the 50% discrepancy.
The second cause may be that crystal form gadolinium oxalate
decahydrate has a different structure from those of La up to Nd,
though they have isomorphous structure in powder form.
On comparing Chi's structure and the Weigel's structure,
there is only one difference. The gadolinium ions occur in pairs
and in Chi's structure, they lie directly on top-of each other.
In Weigel's structure, these gadolinium ion pairs are twisted'-
through an angle, lying alternatingly on top of each other. If-
Chia proposed structure is-employed to calculate the second moment,
utilizing Weigel's data, o H2 is found to be 255.071 x 10-6 x
3.257 x 108 G2= 8.310 x 105 G2. Though only 46 neighbouring ions
are chosen, it still agrees fairly well with the experimental data.
So, with reference to ESR spectroscopic data, Chi's proposed structure
agrees better with the experimental result and the crystal form
of gadolinium oxalate decahydrate should crystallize differently
from the other lanthanide oxalate decahydrates with Ln= La to Nd.
These results indicate that a re-examination on the crystal structure
by X-ray crystallography is necessary.
A glance at table 18 reveals that A H2) of the crystal form,
the grinded crystal form and the powder form are roughly the same.
Since13H2 depends sensitively on E r-6, it means that the
summation term is roughly the same for all three forms. Excluding
the probability that the summation term is accidentally equal
though the individual r-values are different, this shows that the
locations of gadolinium ions for all three forms are roughly the
same, and they should have the same internal structure. On changing
from the crystal form to the powder form, either naturally, or as
in the experiment, mechanically, there is no change in structure.
Table 19 Calculation of the second moment by utilizing Chi'a proposed
















































































The calculation based on the following figure.
A closer look at the SSfi spectra shows that the LES and the
RES of the differential curve have different shapes The summation
term E nf• £nf1 thus have different values, and they have to be
averaged to give the experimental£ nf' Enf value This difference in
shape aeans that the lineshape of the absorption curve from which
this curve is derived is non symmetrical. Since Gd2 •lOEO
has such a large absorption range, 0 G to 7C00 G, the curve can
not be formed by a single absorption The resultant lineshape
must be constituted by the superposition of a number of individual
absorptions, each being shifted from each other. This implies
that the actual absorption lineshape should be a Gaussian one, and
inhomogeneous broadening occurs.
Moreover, the data depends markedly on the mode of sweep,
either increase mode or decrease mode. This can be easily
visualized with reference to fig. 22. The absorption magnetic
fields,the g-values, the lineshape as well as the secor moments
take up slightly different values if the sweep mode is changed.
This is caused mainly by instrumentation and not an error. However,
in order to have a fair result, it is better to take their average
as the data.
Chapter Four Study on coprecipitation in some binary systems
of hydrated lanthanide oxalates by ESR spectroscopy
+•1 Introduction
If two different chemicals precipitate at the same time in
a homogeneous solution, coprecipitation occurs. This may take
place by two different ways. The first one is that the two
chemicals precipitate independently, the final precipitate being
a physical mixture of the two. The second one is that they form
solid solution, that is, one of the chemicals gets into the crystal
lattice of the other. The final precipitate is then a new, non-
stoichiometric compound, or a chemical mixture. The difference
between them can be clarified in the following example. Two
monovalent cations A and B are precipitated by a monovalent anion
C. The first possible precipitate is a mixture of AC and BC. The
second possible one is A B C or xAC.yBC.
Due to the close similarities in the chemical properties of
the lanthanides, it is expected that they will coprecipitate. The
lanthanide oxalates thus constitue an ideal subject for the elucida-
tion of the factors controlling coprecipitation• A glance at
table 1 shows that all lanthanide ions have roughly the same +3
ionic radii. It is then not surprising to guess that they will
get into the lattice of each other during coprecipitation by
solid solution formation.
Two models are proposed to describe coprecipitation involving
solid solution formation. The first one is an equilibrium controlled
model and the second one is a kinetic-controlled model. For the
powder-form lanthanide oxalate decahydrates, it is found that this
coprecipitation is independent of initial composition and- the rate
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of stirring but depends on the rate of Precipitation. This means
that this coprecipitation is kinetic controlled.
In this study, coprecipitation of Gd-Nd oxalate system is
studied. They are chosen because they have roughly the same
solubility product and the above mentioned effect should also be
present in crystal formation.
4.2 Studies on hydrated gadolinium-neodymium oxalate decahydrate
system: crystal form
4.2.1 Study on precipitation of crystal forms
4.2.1a Experimental
5g of oxalic acid was dissolved in 50 ml 3N sulphuric
acid and heated to about 90°C. Five such samples were prepared.
To the first one, lanthanum oxide was added to the second,
cerium oxide to the third, neodymium oxide- to the-fourth,
gadolinium oxide and to the fifth, terbium oxide. They were
stirred to thorough dissolution. Meanwhile, temperature of the
Techne thermostat was prepared to be around 90°C. These five
sclutions were then set into the thermostat and the rate of
temperature drop was kept strictly to be 5°C/hr. The temperature
at which crystals appeared were noted down.
4.2.1b Results
The drop of temperature was more or less to be linear, at
5°C/hr. For the solutions containing Tb, Gds and Nd'
crystals appear between 70°C to ?5°C. For Ce3+ and I,a3, they
crystallized below 55°C. Therefore, on preparation of mixed
crystal, Gd can precipitate with Tb or Nd but not with La or
. Ce, since gadolinium oxalate will precipitate out first followed
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FAR, 23 A plot of temperature against time and the condition
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by Lanthanum oxalate or cerium oxalate. This is why Gd-Nd
system is chcsen for study.
4.2.2 Preparation of Nd-Gd hydrated oxalate coprecipitate system:
crystal form
Neodymium and gadolinium oxide was mixed according to the
following ratio: 10:0; 8:2; 6:4; 5-5; 4:6; 2:8; and 0:10. 5g
oxalic acid was dissolved in 50 nil sulphuric acid and seven such
solution were prepared. Then the mixed Gd-Nd oxide was added
to the prepared solutions and the procedure followed was the same
as the preparation of the pure crystals.
Table 20 shows the result on oxalate analysis of the product.
They agree very well with the theorectical value, showing the
content of gadolinium in the crystal is the same as the starting
materials.
Table 20 Result of the oxalate content determination of the
mixed crystal
Mole ratio of Gd:Nd 20:80 50:50 80:20
% oxalate
theorectical 35.79% 35.41% 35.05%
experimental 35.68% 35.48% 35.15%
4.2.3 ESR results
ESR data were taken by JEOL JES-FE-3 ESR spectrometer
using glass sample tubes. The spectra obtained are found in
fig. 24 to 36. The method of collecting data and the calculations
of K n f'Enf1 follow those of pure gadolinium oxalate decahydrate.
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Only the results are shown and they can be found in table 21 and
22.
Table 21 n3f'/ nf' of the ESR spectra
mode:inc mode:decPercentage of Gd
LHSRHS RHSLHS
226.48234.02100 308.62301.06
291.74 194.9080 282.69 206.52
270.7560 168.98273.12 174.18
265.49 151.60257.04 164.3450
261.73 133.1640 251.21 148.39
238.10241.52 108.2820 98.88
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Fig .26 ESR spectrum of Gd-Nd oxalate decahydrate crystal(Gd:Nd= 8:2)(Gd: Nd=8:2)
(pweep mode: increase)








Fig.27 ESR spectrum of Gd:Nd oxalate decahydrate crystal(Gd:Nd=8:2)
(sweep mode: decreaIe)







Fig.28 ESR spectrum i of Gd-Nd oxalate decahydrate crystal (Gd:Nd=6:4)
(sweep mode: increase)
109Operating conditionTemp: room temperatureR.F.: 9.250GHz
Powei: 0.bmW
Field: 5000G+5000G




Figi.29 ESR :spectrum ofGd-Nd oxalate decahydrate crystal(Gd: Nd=6: 4)
(sweep mode: decrease)
110 Operating conditionTemp: room temperatureR.F: 9.250GHz
Power: 0.6mW.
Field: 5000G±5000G


































































R F.: R.F.: 9.25OGHz
tower: O.bmW,
'ielo: 5oboG±5000G




Amplitude = 1. 25x100
4.3 Studies on hydrated Gadolinium-neodymium oxalate system: powder
form
4.3.1 Experimental
Neodymium oxide and gadolinium oxide were dissolved in nitric
acid to give neodymium and gadolinium nitrates. They were then
diluted to a concentration of 6.25 mMoleml. Varying volumes
of the nitrates were mixed to form a resulting solution of 200 ml,
containing totally 1.25 mMole of lanthanide ions. Then 50 ml ot
water containing 1 g of oxalic acid was added to each solution.
The mixture turned turbid at once and the procedure of preparing
pure powder form was followed.
k.3.2 ESR results
ESR data were taken by JEOL JES-FE-3X ESR spectrometer
using glass sample tube. The results are found in table 23 and
2k and the spectra are shown in fig. 37-9
Table 23 of the ESR spectra
Percentage of Gd
mode:inc mode:dec































Table 24 A summary of ESR data
Percentage of Gd 100% 80% 60% 50% 40% 20%
g-value
inc 2.034 2.040 2.021 2.027 2.010 1.992
dec 2.053 2.034 2.033 2.015 2.023 1.986
av. 2.044 2.037 2.027 2.021 2.017 I.989
linewidth
inc 1930 1665 1400 1250 1075 775
dec 1930 1660 1400 1250 1135 745
av. 1930 1663 1400 1250 1105 750
inc. 9.118 8.285 7.520 7.102 6.738 5.946
dec 9.055 8.311 7.506 7.169 6.678 5.920
av. 9.087 8.308 7.513 7.136 6.708 5.933
1.00 0.91 0.81 0.75 0.72 0.61
Gd-Y system
1.00 0.91 0.83 0.79 0.74 0.65
•Data from ref.- 53
JBlc.tXBiA-Af- .£1 r-Hd -oxalia ia_decaliydrate powder-( Gd»Nd« 10,0]i••---• I•• I;.;;.!—! 1































































Fig.59 ESR spectrum of Gd-Nd oxalate dcahydrajb'e powdejr(Gd:Ndg8:2j
| -rr-j:—j— (sweep moder increase).... j- .-L- Li —i: ——-1 :t








































































j•• I•... I J' 1•-, J. I I
t-;Firi.2SSg;pgclrum of Gd-ftd oxalgtB-ctgxrgBiyctrate-powdgrrtGUryttgS':)





















































lOOKHz feG! I v
6.3x10;
0,03. U~
Fig.Mf ES speptrymof Gd-fld oyalate, d'ecalvdrste ovdYnd


















fiasitL ESR spectrum of Gd-Nd oxalate dlecanydrdte j6wder(G(|l:Ndi:4:6{)


























































Fig.48 ESR spectrum iof Gd-Nd oxalate decah;rdra;e powder (Gdj:Nd=2:8)
i (sweep modedecrease),!•;,• j1;,•!!
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Fig.50 A plot of the second moment as a function
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Fig.51 A plot of the second moment as a function
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'f.'f Discussions
Firstly, the result is compared with thosa of H. Chi's on
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be the same. As Gd-Y and Gd-Ca system was proved to form solid
solution, so must Gd-Nd system If they fora physical mixture,
only the intensity should vary and they should show similar result2
of( H This is not the case as reflected by the data, so it
gives further support that Nd~Gd system form solid solution, both
%
in crystal form and powder form
The second moment of the crystal form and the powder form
follow the same trend, this implies that they should coprecipitate
in the 3ame way, having the same internal structure However,
this can be true for the Gd-Nd or Gd-Tb system only For Gd-La
system, only gadolinium oxalate decahydrate will crystallize out
if the solution is filtered at 60°C, or if the oxalic acid used is
just sufficient to precipitate Gd. Further study can be done in
this field.
As the mole percent of Gd increases, the g-value increases as
well. Fig 30 and 31 shows a plot of the second moment against
the mole ratio. A linear plot is obtained. This shows that there
exists a linear relation between them,
A thorough look at the E3R spectra on the low sweep field
shows that there is a bulging out when the concentration of
gadolinium decreases. When the sample is 100% gadliniua oxalate,
no bulging occur. The lower the concentration, the larger the
bulging effect. At 20% Gd concentration, the bulging is very
significant. However, a check by running neodymiuss oxalate
decahydrate shows no such absorption peaks. This is thus not
caused by the neodymium ions So the only possible explanation
is that this bulging is caused by interaction between the two
similar ions. Surprisinglyfthe curve on the RHS is very smooth
and no bulging out happens
It is interesting to know the arrangement of gadolinium ions
and neodymium ions inside the crystal lattice. They may arrange
themselves very orderly, or just randomly oriented inside the
lattice. This is difficult to predict with only these data at
hand However, it can be seen that the coprecipitated phase
must attain a fixed model, no matter ordered or random, otherwise
the ratio of the second moments will not be a constant as found.
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